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Abstract 

An analysis of the possible contribution of the hard pomeron in elastic hadron 
scattering at LHC energies is made. It is shown that such a contribution has 
affected the shape of the differential cross section in the Coulomb-hadron 
interference region and in the dip region. On the basis of the new High- 
Energy General Structure (HEGS) model, the possible contributions of the 
hard pomeron are investigated. The predictions of the model at 8 TeV are 
discussed. 
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1. Introduction 

The successful work of the LHC at 7 TeV is in most part connected to 
inelastic processes. In these processes we hope to find an answer to many old 
questions of hadron physics. However, the dynamics of strong interactions 
finds its most complete representation in elastic scattering at small angles. 
Only in this region of interactions we can measure the basic non-perturbative 
properties of the strong interaction which defines the hadron structure: the 
total cross section, the slope of the diffraction peak and the parameter p(s, t) 
- the ratio of the real part to the imaginary part of the scattering amplitude. 
Their values are connected, on the one hand, with the large-scale structure 
of hadrons and, on the other hand, with the first principles which lead to the 
theorems on the behavior of the scattering amplitudes at asymptotic energies 

0,0. 

The preliminary data of the TOTEM Collaboration [3[ are inconsistent 
with most existing predictions 0, 0, 0]- They lead to different predictions 
for the structure of the scattering amplitude at asymptotic energies, where 
the diffraction processes can display complicated features [7|. This espe- 
cially concerns the asymptotic unitarity bound connected with the Black 
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Disk Limit (BDL) Recently, there appeared some new works 

0,113, E3 

to understand the physics of elastic scattering at LHC energies. The impact 
of the hard pomeron contribution on the elastic differential cross sections 
is very important for understanding the properties of the QCD in the non- 



perturbative regime [12j. In [13[ it is indeed suggested that such a contribu- 



tion of the hard pomeron can explain the preliminary result of the TOTEM 
Collaboration jij on the elastic proton-proton differential cross sections at 7 
TeV. 

The hard pomeron which is obviously present in inelastic diffractive pro- 



cesses with a large intercept 1 + £2 ~ 1.4 [14| will lead to the appearance 
of the saturation BDL-regime at somewhat low energies. It is not obvious 
how the total cross sections will grow with energy, especially in the energy 
region of the LHC. In the present work, we investigate the impact of the 
hard pomeron on some features of elastic proton-proton scattering at LHC 
energies and at small momentum transfer. The large intercept of the hard 
pomeron leads to a large real part of the scattering amplitude. The impact 
of the real part on the form of the differential cross sections is in most part 
reflected in the dip region, where the imaginary part of the scattering am- 
plitude has a zero, and in the Coulomb-hadron interference region at small 
momentum transfer, where the size of the real part determines the size and 
sign of the Coulomb-hadron interference term. The situation is complicated 
by the possible transition to the saturation regime, as the BDL is reached at 
the LHC [l5[. The effect of saturation will be a change in the t dependence 
of B(s,t) and p(s,t), which will begin for y/s = 2 to 6 TeV and which may 
drastically change B(t) and p(t) at sfs = 14 TeV [161 ] . 

In the paper, we examine and compare the contribution of the soft and 
hard pomerons to the differential cross sections. First, we analyze this con- 
tribution in a purely phenomenological representation. We pay special at- 
tention to the Coulomb-hadron interference region. This is tightly connected 
with the problems of the determination of the value of p(s, t = 0) and of 
the value and energy dependence of the total cross sections, as the assump- 
tion about the form of elastic scattering amplitude seriously impacts on the 
determination of both values 13 • 



Then we examine the possible hard pomeron contribution in the frame- 
work of our high-energy general structure (HEGS) model 18j] which takes 
into account two different hadronic form factors calculated from the first and 
second moment of the general parton distributions (GPDs) (lj| . 

In this model, the real part of the hadronic amplitude is determined 
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through the use of a complex s, and the amplitude satisfies crossing sym- 
metry. The quantitative description of all existing experimental data at 
52.8 < \fs < 1960 GeV, including the Coulomb range and large momentum 
transfers 0.0008 < \t\ < 9.75 GeV 2 , is obtained with only 3 fitted high- 
energy parameters. The comparison of the predictions of the model at 7 TeV 
and preliminary data of the TOTEM collaboration are shown to coincide 
well. In the framework of this model, only the Born term of the scattering 
amplitude is introduced. Then the whole scattering amplitude is obtained as 
a result of the unitarization procedure of the hadron Born term that is then 
summed with the Coulomb term. The Coulomb-hadron interference phase 



is also taken into account 20, 21, 221. The essential feature of the model is 



that both parts of the Born term of the scattering amplitude have a positive 
sign, and that the diffraction structure is determined by the unitarization 
procedure. 

2. Hard pomeron and size of p(s, t) 

Usually, the value of p(s, t — 0) is assumed to be small and to vary little 
with s at high energies: p(s, t = 0) ~ 0.14 at yfs = 541 GeV and 7 TeV. The 
impact of the real part of the scattering amplitude is most profound at small 
\t\ and in the region of the diffraction minimum which is determined by the 
zero of the imaginary part of the scattering amplitude. It is supposed that 
the odderon contribution makes the sharpest dip in the case of pp scattering 
and fills it in the case of pp scattering at ^/i = 52.8 GeV and \fs = 541 -t- 1980 
GeV. In this case, we can expect a large dip in the case of the pp scattering at 
LHC energies. The number of elastic events is related to the total hadronic 
cross section through the following formula: 



dN 
~dt 



C 
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16tt 

where the three terms are due to Coulomb scattering, Coulomb-hadron in- 
terference and hadronic interactions. £ is the integrated luminosity, a is the 
electromagnetic coupling constant, (ficN(s,t) is the Coulomb-hadron phase, 
and G(t) is the electromagnetic form factor given by 

C(t) - Am i-^ A ' (o) 
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with m p the proton mass, A = 0.71 GeV 2 and p = 2.79. 

The differential cross sections at small momentum transfer \t\ < 0.05 GeV 2 , 
in the so-called Coulomb-hadron interference region, are determined by the 
interference of the Coulomb amplitude with the real part of the hadron am- 
plitude. Hence, the s and t dependences of the real part of the hadron ampli- 
tude, which is reflected in p(s,t), will determine the form of the differential 
cross sections. 

Let us take the hard pomeron as a simple pole, in the conventional form 

Ffipom. (S; Hhpom S 6 2 ^ ^ , (3) 

with t2 = 0.4 and a' 2 = 0.1 and the soft pomeron in the same form with 
parameters e\ = 0.11 and a[ = 0.24, and 

§ = s e- ln/2 /s ; s = 1 GeV 2 . (4) 

In this case, the Born term of the elastic hadron scattering amplitude 
which takes into account the soft and hard pomerons is 

F?(s,t) = G 2 (t) [F spom .{s,t) + 

Ffipom. M)]; (5) 

where t = —q 2 is the momentum transfer and G(t) is the Sachs form factor. 
Such a simple phenomenological picture is appropriate at very high energies, 
where the other Reggeon contributions are very small. We take the ratio of 



the hard and soft constant, as in [l3|, Hh p0 m./ H spom , = 1/250 



To obtain the full hadron scattering amplitude, we use the eikonal ap- 



proximation 23j, [2J, |25|, |26|, |27J, |28| . So, first, we have to calculate the eikonal 



phase and then the whole unitarized amplitude 

X(s,b) =-L J d 2 q / b tF*(s,q). (6) 



F h (s,t) =JL J d 2 qe^(l-eM-x(s,b)))- (7) 

First, let us examine the Born term of the hard pomeron contribution 
at small \t\. The size of p(s,t = 0) will be 0.14 for the soft pomeron and 
0.73 for the hard pomeron and change little with t (Fig. l,left panel). If we 
unitarize the amplitude using the eikonal representation, the size of p(s, t) 
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Figure 1: Left panel: p(s,t = 0) from the Born amplitude of the soft and hard pomerons 
(short- and long-dashed lines); Right panel: the same after the eikonalization of the Born 
amplitude (plain lines - the some of the soft and hard pomerons) at 8 TeV with the ratio 
of the H hard /H soft = 0.005 




Figure 2: After the eikonalization at y/s = 8 TeV - Left panel: ReF(s, t) and Right panel 
- p(s,t) (short-dashed line - soft pomeron; long-dashed line - hard pomeron; plain line - 
sum of soft and hard pomerons). 
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Figure 3: After eikonalization at y/s — 8 TeV - Left panel: ReF(s,t) and Right panel: 
p(s, t) (short-dashed line - soft pomeron; long-dashed line - hard pomeron; plain line - sum 
of soft and hard pomerons). 

changes faster with t, and the sum of the soft and hard pomerons increases 
the size of p(s,t = 0) to 0.23 (Fig. l,right panel). Hence, such an increase 
in the real part has to have an impact on the form of the differential cross 
sections in the Coulomb- hadron region. 

Now let us see what impact the hard pomeron contribution has on the t 
- dependence of the real part and on p(s,t), after the eikonalization of the 
corresponding Born amplitude. There are two regions where p(s, t) changes 
its sign. The first appears in the region of \t\ ~ 0.5 GeV 2 . The behavior of 
the real part and p(s,t) is shown in Fig. 2. It is clear that the presence of a 
small hard pomeron contribution changes the t dependence of the real part 
and of p(s, t). 

Figure 3 (left panel) shows the result of the calculation of the real part 
of the scattering amplitude in the region where the imaginary part, obtained 
after eikonalization of the sum of the soft and hard pomeron, changes its sign. 
We see that despite the fact that the soft pomeron has a small contribution 
in this t region and that the hard pomeron has a large negative contribution, 
their sum of has a positive sign and a rather large value. So the presence of a 
hard pomeron will significantly change the size and position of the diffraction 
minimum. This can be seen in Fig. 3 (right panel) where the value of p(s,t) 
is presented in the region of the diffraction minimum. The position of the 
diffraction minimum moves to larger momentum transfer. 

Let us examine how the form of the Coulomb-hadron interference term in 
the differential cross sections changes with the presence of the hard pomeron. 
For proton-proton scattering, this term has a negative sign in the region 
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Figure 4: The contribution to da/dt of the CNI term by module at y/s = 8 TeV - Left 
panel: ReF(s, t) and Right panel - middle t (short dashed line - soft pomeron; long-dashed 
line - hard pomeron; solid line - sum of soft and hard pomerons). 



where the real part of the hadron scattering amplitude is positive. 

This contribution to the differential cross section is shown in Fig. 4. It 
has a negative sign and the figure shows its absolute value. In the Coulombic- 
nuclear interference (CNI) region, i.e. at very small momentum transfer, the 
contribution essentially increases the size of this term and has a negative 
sign. At larger momentum transfer the sum of the soft and hard pomerons 
leads to a change of sign of the CNI term at low t value. This zero leads to 
a "break" in the differential cross section. 



3. High-Energy General-Structure model of hadron interactions 

In various models, we can obtain a different picture of the profile function 



based on a different representation of the hadron structure. In our model [18 
we suppose that the elastic hadron scattering amplitude can be divided into 
two pieces. One is proportional to the electromagnetic form factors. It plays 
the most important role at small momentum transfer. The other piece is 
assumed to be proportional to the matter distribution in the hadron and 
plays the most important role at large-momentum transfer. 

The Born term of the elastic hadron amplitude can be written as 

F^ n {s,t) = h G\t) F a (s,t) (1 + n /s - 5 ) (8) 
+ h 2 A 2 (t) F b (s,t) (l + r 2 /S - 5 ) 
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where F a (s,t) and F b (s,t) are 



F a (s,t) = e B ^ F b (s,t) = e B ^ 4 *; (9) 

with s as eq.(jH): s = s e~ t7r ^ 2 /so; Sq — 1 GeV 2 . The electromagnetic form 
factors can be rep resented as the first moments of GPDs following from the 



sum rules 29_|, |30j. Hence, we take F^(t) as the conventional electromagnetic 



form factor (J2J) and the second form factor is presented in the form 

A(t) = L\ {L\ - ty 2 - (10) 

where L\ = 2 GeV 2 is determined from the integral of the second moment 
of the GPDs. Note that the form of the GPDs is itself determined by deep- 
inelastic processes and by the measurement of the electromagnetic form fac- 
tor from electron-nucleon elastic scattering. Hence, the form of the electro- 
magnetic form factor determines the form of the second form factor. The 
discussion of the energy-momentum structure form factors of particles has 



a long history, see for example |3l|, [32J. Of course, the correlation of the 



strong interaction with the electromagnetic density and matter density is 
an assumption. However, the HEGS model gives a good description of the 
experimental data with a minimum of free parameters. 

The slope of the scattering amplitude has the standard logarithmic de- 
pendence on energy B(s) = a' ln(s) with a' = 0.24 GeV -2 . The final elastic 
hadron scattering amplitude is obtained after unitarization of the Born term. 

As a result, our model has only 3 free high-energy parameters which 
we obtained by fitting the existing experimental data with 3 high-energy 
parameters hi = 1.09±0.004; h 2 = 1.57±0.006; €\ = 0.11 and 2 low-energy 
parameters r\ = 1.57 ± 0.02; r 2 = 5.56 ± 0.06. We used all the existing 
experimental data at y/s > 52.8 GeV, including the whole Coulomb-hadron 
interference region, and all data to the maximum momentum transfer. In 
the fitting procedure, only statistical errors were taken into account in the 
X 2 - The systematic errors were used as an additional normalization of the 



experimental data of one experiment as a whole [18 . 

As an example, in Fig. 5, the differential cross sections for proton- 
antiproton elastic scattering at y/s = 1960 GeV and predictions for 7 and 
8 TeV for proton-proton scattering are presented. We see the filling of the 
diffraction minimum in the case of pp scattering and only a partial filling 
of the minimum for pp scattering. Now in the HEGS model we obtained 
a good description of the region of the diffraction minimum at the energy 
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Figure 5: da/dt in pp elastic scattering at y/s = 1960 GeV (long-dashed line: fit of the 
model) and experimental data [HI ; predictions of the model for pp elastic scattering at 7 
TeV (solid line) and 8 TeV (dashed line). 



52.8 < \fs < 1960 GeV for pp and pp scattering. However, we have not a 



good description of the dip region for pp scattering at \/s = 52.8 GeV [18 
Maybe a larger difference can be obtained if we take into account the odderon 
contribution. 

In Fig. 6 the descriptions by the model of the experimental data for 
proton-antiproton scattering at y/s = 52.8 and 541 GeV and the predictions 
for proton-proton scattering at 7 and 8 TeV are shown. Clearly, the model 
describes the experimental data in the Coulomb-hadron interference region 
well. In this case, the Coulomb-hadron interference term is large, especially 
at \fs = 541 GeV as t is very small. The good description of the experimen- 
tal data shows that the energy dependence of the real part of the scattering 
amplitude obtained in the model corresponds to the real physical situation. 
In the HEGS model, the real part of Fh(s, t) is determined only by the com- 
plex form of energy s = s exp[—iii/2\ which guarantees crossing symmetry. 
No other artificial function or some parameters changes the form or the s 
and t dependences of the real part. 

Now let us include the hard pomeron in our HEGS model. In this case, 
the first part of the scattering amplitude, proportional to the electromagnetic 
form factor, gets the additional term of eq.Q with e^ p = 0.4 and a' hp = 0.1 
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Figure 6: da/dt in pp elastic scattering in the Coulomb-hadron interference region at = 
52.6 and 541_ 1 GeV (dash-dotted and long-dashed lines: fit of the model) and experimental 
data [3, EH IS E3] ; predictions of the model for pp elastic scattering at 7 TeV (solid line) 
and 8 TeV (dashed line). 

GeV -2 . First, let us examine the impact of the hard-pomeron contribution in 
the Coulomb-hadron interference region. In Fig. 7, the solid line represents 
the prediction of the model at 8 TeV. If we add the hard pomeron to the part 
of the Born amplitude proportional to the electromagnetic form factor and 
take the constants hh pom , = /i spom ./250, as in [HI], we obtain a large da/dt 
(short dashed line in Fig. 7). Now let us multiply the Born amplitude by 
some correction factor to obtain the same differential cross sections as in the 
model without the hard pomeron contribution at the point —t = 0.1. da/dt 
will than be smaller than the standard prediction of the model. Hence, the 
form of the differential cross sections in the Coulomb-hadron interference 
region is sensitive to the contribution of the hard pomeron. Furthermore, a 
measurement of da/dt in this region will probe a possible contribution of the 
hard pomeron. 

Now let us make the new fit in the whole examined region 52.8 < \/s < 
1960 GeV, including the Coulomb-hadron interference region and the large- 
momentum-transfer region 0.0008 < \t\ < 9.75 GeV 2 with the additional 
contribution of the hard pomeron. If we take the fixed values €h p = 0.4 and 
a' h =0.1 GeV~ 2 and force hh p to be positive, the fitting procedure gives 
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Figure 7: da/dt at y/s — 8 TcV: solid line - (a) the predictions of the model; short-dashed 
line - (b) with an additional contribution from the hard pomeron; long-dashed line - the 
same as the case (b) but with a normalization of da/dt as in case (a) at —t = 0.1 GeV 2 - 

)■ 
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h hp , GeV- 2 




a' hp , GeV- 2 




0. ±0.01 


0.4 — fixed 


0.1 — fixed 


1783 


-0.008 ±0.001 


0.4 — fixed 


< 0. 


1713 


-0.02 ±0.01 


0.33 ±0.04 


< 0. 


1698 


-0.012 ±0.01 


0.4 — fixed 


0.08 ±0.01 


1731 



Tabic 1: Basic parameters of the model determined by fitting experimental data. 



zero for the value of hh p (see the first row in Table 1). In all other cases 
presented in Table 1 the fitting procedure gives a negative size for the hard 
pomeron constant h^ v and its slope tends to zero. Hence such an additional 
contribution plays the role of some artificial correction function and is not 
related with the hard pomeron contribution. 

4. Conclusion 

As a result, we can conclude that the unitarization procedure (example- 
eikonal representation) drastically changes the sum of the soft and hard 
pomeron contributions with momentum transfer (Fig. 7). The impact of 
the contribution of the hard pomeron has to be felt in most part in the 
Coulomb-hadron interference region and in the region of the diffraction dip. 

In the framework of the HEGS model, we analyzed the possible contribu- 
tion of the hard pomeron to elastic hadron scattering at LHC energies. As 
the amplitude of the hard pomeron has a large real part, it will have an im- 
portant impact on the form of the differential cross sections in the Coulomb- 
hadron interference region and in the region of the diffraction minimum. The 
model is very simple from the viewpoint of the number of parameters and 
functions. There are no artificial functions or some cuts which limit the 
separate parts of the amplitude to some region of momentum transfer. In 
the framework of this model the quantitative description of all existing ex- 
perimental data at 52.8 < y/s < 1960 GeV, including the CNI region and 
the large-momentum-transfer region (0.0008 < \t\ < 9.75 GeV 2 ), is obtained 
with only 3 parameters at high energy. Hence, the model is very sensitive to 
any additional contribution. 

The analysis of the hard pomeron contribution in the framework of this 
model shows that such a contribution is not felt. In most part, the fitting 
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procedure requires a negative additional hard pomeron contribution. Of 
course, the inclusion in the model of some other correction terms such as 
the odderon and the spin-flip amplitude can change this result. However, in 
that case it will be difficult to separate the hard pomeron contribution from 
the additional correction terms with the true energy and momentum transfer 
dependence. This will depend on the accuracy of the experimental data at 
LHC energies, especially in the CNI region where, as we have shown, the 
contribution of the hard pomeron is important. Of course, the final answer 
to the hard pomeron contribution to the elastic proton-proton scattering 
can be given by the LHC experiment at 14 TeV only. But up to now we 
can conclude that there is little space for the hard pomeron contribution 
in the existing experimental data on the elastic proton-proton and proton- 
antiproton scattering. 

Acknowledgement: The author would like to thank J.-R. Cudell for helpful 
discussions. 
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